• The hippocampus contributes to many domains of cognition beyond long-term memory.
Introduction
The brain is hierarchically organized along multiple dimensions, including space, time, and features. For example, spatial receptive fields are smallest in primary visual cortex and increase in size throughout the ventral visual stream [1] . Likewise, primary visual cortex responds to simple features such as oriented edges, whereas downstream areas are driven by more complex feature combinations, such as shapes, objects, faces, and scenes, as well as information from other modalities [1] [2] [3] . Finally, information from the current environment is preferentially represented in early sensory areas, whereas information integrated over the past several seconds or minutes is represented in higher-order areas in posterior medial cortex [4] .
The brain also contains a more abstract hierarchy of "malleability" -the extent to which neural function is fixed and immutable vs. influenced by other processes and variable across tasks. The retina is perhaps the least malleable: light signals are passed ballistically along a fixed route from photoreceptors to bipolar cells to ganglion cells; this pathway supports a very specific function (transduction of light and transmission to visual areas in the brain); and the direction that information is routed and what function it performs are unaffected by abstract factors such as memories, motivations, or goals.
Early visual cortex is relatively more malleable. On one hand, neurons respond to specific features and locations in a standard and reliable way that can be described by a unidimensional tuning curve. On the other hand, this tuning can be modulated by top-down or feedback processes such as expectation, reward, and attention [5] [6] [7] [8] [9] .
The hippocampus is perhaps at the apex of this hierarchy of malleability, along with other regions like prefrontal cortex (which is beyond the scope of this paper, but will be discussed briefly in Section 4). For example, unlike cells in early visual cortex, individual hippocampal cells can have mixed selectivity, responding to multiple dimensions such as object identities, object positions, spatial contexts, and rewards [10, 11] . Such mixed selectivity means that hippocampal cells can change how they respond as a function of task demands or goal states. By definition, this is a key aspect of malleability as we discussed above. The hippocampus is also malleable in that it contributes broadly to many cognitive domains (including attention, perception, working memory, long-term memory, and decision making), and does so in a manner influenced by our goals and motivational states [11] [12] [13] [14] [15] [16] .
We propose that the malleability of hippocampal processing is tied to the diversity and flexibility of its inputs: the myriad types of information it receives from other brain areas, and how flexibly the weights on those inputs can change as a function of behavioral goals. We argue that the hippocampus, far from being a dedicated memory system, can be configured to contribute to many functions, and that future progress will come by considering how these functions load on different computations implemented in the hippocampus (Fig. 1 ).
Diversity of input: what features can the hippocampus represent?
The hippocampus receives indirect input (via medial temporal lobe cortex) from multiple sensory modalities, including vision, audition, somatosensation, and olfaction [1, 3] . It also receives input from prefrontal cortex (e.g., information about goals, task rules, and contexts), both directly [17] , and indirectly via the nucleus reuniens of the thalamus [18, 19] and medial temporal lobe cortex [3] . Furthermore, it is modulated by the dopaminergic, cholinergic and noradrenergic systems [20] [21] [22] [23] [24] . Given this diversity of anatomical Multiple sensory modalities, including vision, audition, somatosensation, and olfaction, converge on the hippocampus. These inputs can be flexibly weighted based on behavioral goals and task context, which themselves are represented elsewhere, such as in frontoparietal cortex. In this example, visual signals are up-weighted (thicker arrow) while somatosensory signals are down-weighted (thinner arrow). Neuromodulatory systems, including dopaminergic (DA), cholinergic (ACh), and noradrenergic (NA) systems, can bias this flow of information and local processing. Middle: The hippocampus performs a core set of domain-general computations. Bottom: Flexibly weighted inputs, combined with some or all of these computations, enable the hippocampus to contribute to various cognitive functions.
inputs and neuromodulation, it is no surprise that the hippocampus has been identified as a hub in brain networks [25] [26] [27] .
The multiplicity of information relayed to the hippocampus makes it difficult to identify what "features" it represents. One dominant perspective -especially from the rodent literature -is that the hippocampus forms an allocentric (i.e., world-centered) representation of space, and its contribution to different domains of cognition can be understood via its role in representing spatial context [2, [28] [29] [30] . An alternative, but complementary, perspective is that the hippocampus is fundamentally relational, and thus the "features" it represents are the associations between objects, locations, spatial and temporal contexts, rewards, and actions [11, 13, 16, 31] . Thus, the hippocampus integrates multiple types of information, perhaps forming a conjunctive representation that subsumes all input features [25, 32, 33] , enabling the retrieval of associatively related information and reinstatement of episodespecific patterns of activity that were present during encoding [34] [35] [36] [37] .
These two views -purely spatial vs. conjunctive/relationalhave been compared in detail elsewhere [14, 31] . In the current paper, we consider both spatial and (non-spatial) relational representations in the hippocampus. 2 . Left: One of the most common neural measures of attention is the modulation of overall levels of activity in selective brain regions, whether firing rates in single neurons or BOLD signal in fMRI. Right: An alternative measure of attention is pattern stability -similar patterns of activity in a brain region across two or more instances of the same attentional state, and more distinct patterns of activity for different attentional states. The colored squares indicate the level of activity in nine voxels (or nine neurons).
Flexible weighting of input: how are hippocampal representations modulated?
Given some input to a brain area, flexibility refers to modulation of how that input is weighted and thus what information gets represented in that area. One variety of modulation results from the deployment of attention, which enables the selection and enhancement of stimulus features. Here, we focus on goal-directed attention -namely, how hippocampal representations are reconfigured by top-down attentional states.
There are at least two reasons to expect attention to modulate the hippocampus. First, the visual system is robustly modulated by attention [38] , and the hippocampus is at the apex of the ventral visual processing stream [1] . There is no a priori reason to expect an abrupt transition in the brain between receptivity to attention and imperviousness to it. Second, behavioral expressions of memory are robustly modulated by attention [12] , and the hippocampus is critical for memory encoding and retrieval. Thus, one possibility is that attentional modulation of memory occurs via its modulation of the hippocampus.
In visual cortex, attention increases the overall level of activity in brain areas coding for attended features, items, or locations [38] . Relying on these findings, some studies have investigated gain modulation in the hippocampus as a function of attention to items and/or locations [39, 40] . Importantly, these studies investigated attentional modulation without any overt long-term memory demands, thus seeking to identify a signature of attention per se in the hippocampus, rather than attentional modulation of memory (c.f. [41-43]) . Surprisingly, these studies failed to find attentional modulation of the overall level of activity in the hippocampus.
One possible interpretation of these findings is that attention simply does not modulate the hippocampus. Alternatively, those studies might have missed evidence of hippocampal modulation by attention because they examined the wrong neural measure (Fig. 2) . Specifically, in animal models, the task relevance of environmental cues does not seem to modulate the overall level of activity in the hippocampus, which is the classic attentional signature in visual cortex. In contrast, task relevance modulates the stability (or reliability) of hippocampal activity patterns [44] [45] [46] [47] [48] [49] . For example, when spatial locations are task-relevant (vs. taskirrelevant), place fields in mouse hippocampus are more stable [45] , and this stability increases as a function of how important spatial features are [46] . However, the task relevance of spatial information does not change the overall level of neural activity, i.e., firing rates [45, 46] . Such modulation of stability is not limited to the spatial domain: when olfactory information is task-relevant (vs. task-irrelevant) hippocampal cells that respond to odor fire more reliably [45] . Finally, this stability of hippocampal representations has also been observed at the level of networks: making different spatial reference frames task relevant switches which cell assembles are involved [47] [48] [49] .
It is worth noting that manipulations of task relevance in animals are not equivalent to manipulations of goal-directed attention in humans, in the sense that animals are not given explicit goal instructions and instead must learn across many trials which features help achieve a more implicit goal of obtaining reward or avoiding punishment. Nevertheless, whether learned or instructed, we will work under the assumption that task relevance may manifest itself in similar ways in the hippocampus.
Inspired by this work in animal models, we set out to test whether attention modulates the stability of hippocampal activity patterns in humans, at the macro scale of voxels in fMRI as opposed to individual neurons and neural ensembles. Additionally, in contrast to prior studies of hippocampal attentional modulation in humans (e.g., [39, 40] ), which examined attention to individual items or locations, we manipulated attention to relatively highlevel spatial and relational dimensions that are a key component of hippocampal processing [31] .
While undergoing high-resolution fMRI, participants viewed several 3D-rendered rooms, each with a unique layout, multiple pieces of furniture, and a unique painting on the wall ( Fig. 3A and B; [50] ). On different trials, participants were instructed to attend either to the artistic style of the painting or to the spatial layout of the room. Specifically, on "art" trials they were to identify paintings in different rooms that could have been painted by the same artist (i.e., that were similar in terms of style, use of color, and brushstrokes). On "room" trials they were to identify rooms that had the same spatial layout and furniture configuration, but viewed from different perspectives; all other visual features (e.g., wall color, visual details of the furniture) were different. Critically, identical stimuli were used in the "art" and "room" tasks across different trials, allowing us to isolate effects of top-down attention vs. bottom-up stimulation, and there were no overt demands on long-term memory.
These tasks were designed to tap into both the spatial and relational representations of the hippocampus. The art task required assessing stylistic relations between different paintings (e.g., how the color scheme of one painting relates to those of others). The room task required assessing spatial relations between different rooms (e.g., how the placement of furniture and the wall angles in one room were similar to or different from those of other rooms). Thus, these tasks should strongly tax hippocampal representations: the art task requires relational processing, while the room task requires both relational and spatial processing.
If attention modulates the stability of hippocampal representations, there should be distinct activity patterns for the art and room attentional states: that is, activity patterns should be similar within a task and different between tasks. This hypothesis was supported by the data ( Fig. 3C ; [50] ): patterns of activity in each hippocampal subfield were more similar between trials of the same task (i.e., art trials compared to other art trials, and room trials compared to other room trials) vs. between trials of different tasks (i.e., art trials compared with room trials).
Moreover, this modulation of hippocampal pattern stability was dissociable from differences in the overall level of activity in the hippocampal subfields, and pattern stability but not overall activity was correlated with attentional behavior. Indeed, one region of interest in the hippocampus -comprising the CA2/3 and Fig. 3 . Attention stabilizes patterns of activity in the hippocampus. (A) While undergoing fMRI, participants viewed 3D-rendered rooms, each with a unique layout (furniture configuration, wall angles) and painting. For each "base image", an "art match" was a room containing a different painting that was painted by the same artist as the painting in the base image, and a "room match" was a room that had the same spatial layout as the room in the base image viewed from a different perspective. (B) Participants were cued on each trial to attend to the style of the paintings (ART) or the layout of the rooms (ROOM). They then viewed a base image followed by a search set of four images. On art trials, they had to search for an art match. On room trials, they had to search for a room match. Finally, they were probed as to whether they had seen an art or a room match (the probe usually but not always matched the cue), and had to respond yes or no. (C) Activity patterns in each hippocampal subfield region of interest were more highly correlated for trials of the same attentional state (i.e., art/art and room/room) than trials of different attentional states (i.e., art/room), thus showing state-dependent patterns of activity. (D) In CA2/CA3/DG, individual differences in the stability of activity patterns for the room attentional state predicted behavior on the room task. ***p < 0.001. Figure adapted from [50] . dentate gyrus (DG) subfields -was the only area in the brain where attentional states correlated with behavioral performance (Fig. 3D) . These data offer strong evidence that even with identical sensory input, hippocampal activity patterns can be reconfigured as a function of top-down attention to represent goal-relevant information, and that the hippocampal representation of this information can in turn relate to behavioral decisions.
This conclusion was subsequently bolstered by the finding that hippocampal representations of objects are dynamically modulated as attention is shifted to different goal-relevant stimulus features [51] . That is, as participants gradually acquired new conceptual knowledge about objects, hippocampal representations became configured to represent task-relevant features. When task rules changed, making once-relevant features now irrelevant, hippocampal representations dynamically reconfigured to represent the new goal-relevant features.
These studies therefore provide evidence that attention modulates the hippocampus by stabilizing representations of goalrelevant features. Attentional modulation of the hippocampus may also have relevance beyond in-the-moment attentional behavior, because attention robustly influences long-term memory: we are more likely to successfully remember information that was consistent with our attentional goals during encoding [12] . Could the effects of attention on what is represented in the hippocampus provide an explanation? Specifically, does the attentional state of the hippocampus -i.e., the extent to which it is configured for the task at hand -serve to prioritize goal-relevant information for encoding into long-term memory [41] [42] [43] ?
This possibility finds suggestive support in animal models. For example, when space is task-relevant, place field stability in mice correlates with spatial memory [46] . Additionally, when rats engage in "attentive scanning" of a particular spatial location, place fields tend to form at that location on the next pass through it [52] , an effect that bears resemblance to rapid episodic encoding in humans. Thus, in animals, spatial attention modulates the sta-bility of hippocampal spatial representations and predicts memory for spatial information.
Using fMRI, we explored whether attentional modulation of the stability of hippocampal representations predicts memory for goalrelevant information. We predicted that such effects should be observed in the CA2/3 and DG subfields of the hippocampus, given our previous finding that attentional modulation of these subfields predicted online attentional behavior [50] , as well as other work relating activity and pattern similarity in these subfields to longterm memory encoding [53] [54] [55] . To test this hypothesis, we first identified attentional state representations in the hippocampus, and then examined whether more evidence for the task-relevant state during encoding predicted better behavioral memory for taskrelevant information (Fig. 4A) .
During encoding of novel 3D-rendered rooms with paintings (as used in [50] ), individuals were more likely to remember goalrelevant features of the image (i.e., paintings if the task required attention to art, and spatial layouts if the task required attention to rooms) when the attentional state of CA2/CA3/DG more closely resembled the goal-relevant vs. -irrelevant activity pattern [56] . That is, paintings were more likely to be remembered when the pattern of activity in CA2/CA3/DG during encoding more closely resembled the art attentional state than the room attentional state (defined independently earlier in the experiment). Conversely, room layouts were more likely to be remembered when CA2/CA3/DG activity patterns more closely resembled the room vs. the art state ( Fig. 4B and C) . This effect was selective to the hippocampus, and not found in medial temporal lobe cortex or objectand scene-selective regions in temporal and parietal cortices. Thus, attention configures the hippocampus to prioritize information consistent with behavioral goals; this configuration is manifest as distinct patterns of activity for different attentional states; and the fidelity of the goal-relevant hippocampal state during encoding predicts memory for information consistent with that goal.
These studies show that the hippocampus is modulated by attention, and that this modulation is relevant for ongoing attentional behavior as well as the formation of long-term episodic memories. The relationship between the hippocampus and attention, however, is bidirectional: not only is the hippocampus influenced by attention, but hippocampal representations also influence attentional behaviors. For example, hippocampal memories (both explicit and implicit) can serve as a cue for visual search and affect how we move our eyes, even outside of awareness [12] . The mechanisms by which the hippocampus influences attentional orienting is not yet clear, but one possibility is that this depends on the interplay between the hippocampus, frontoparietal regions involved in attentional control, and feedback from these regions to sensory cortices. Indeed, there are several promising studies along these lines [51, [57] [58] [59] . This area of research holds exciting promise for future work.
Sensitivity to attention is just one instance of modulation of hippocampal function by behavioral goals. Another example is the ability of the hippocampus to represent future states, or predict upcoming events that are relevant for goal-directed behavior [60] . For example, hippocampal activity can represent the identity of a goal location [61] or proximity to the goal [62] . Sequential activity in hippocampal place cells can also represent future navigational paths to a goal [63, 64] , even when the goal location was viewed but never explored [65] . Place cell activity at any given moment can also be influenced by actions taken or about to be taken [66] . Predictive coding in the hippocampus is not unique to the spatial domain: hippocampal anticipatory signals have also been found in statistical learning paradigms, where one object predicts another [67] [68] [69] [70] .
Another example of the modulation of hippocampal representations by goals is their sensitivity to reward, motivational states, and reward-based decision-making. For example, place fields tend to cluster around rewarded locations [71] and place cells fire when an animal waits in a goal location for delivery of reward [72] . The firing of hippocampal cells is also influenced by the motivational state of an animal (e.g., hunger vs. thirst), but only when the internal state can help guide behavior to the reward relevant for that state (i.e., food vs. water); thus, hippocampal coding of relationships between internal states and external rewards offers a means by which motivation can affect goal-directed behavior [73] . Hippocampal activity also reflects anticipation of an upcoming stimulus during rewardbased decision-making [67] and can enable the construction of novel experiences and a judgment of their value [74] .
Thus, although the hippocampus receives diverse input, the weighting of these inputs -i.e., its bias to represent or prioritize certain types of information -can be dynamically modulated based on behavioral goals. The hippocampus therefore represents not just what is in the world, but rather the part of the world that we are attending to, motivated by, predicting, or acting on to reach a reward.
What computations enable hippocampal contribution to diverse functions?
So far, we have discussed some factors that influence hippocampal representations, but not the mechanisms by which those representations arise or how they are used to support diverse cognitive functions. We turn to these issues next, by examining case studies in attention and perception. We consider how domaingeneral computations can give rise to attentional and perceptual representations and how those representations are used for goaldirected behavior.
Attention
How does attention modulate the hippocampus, as in the examples above, and how does the hippocampus in turn guide attention? There are several potential mechanisms, all of which likely act in concert: neuromodulation, dynamic changes in functional connectivity, and hippocampal pattern completion.
First, neurotransmitter systems offer a potential route by which input to the hippocampus can be flexibly weighted to form statedependent activity patterns in the hippocampus itself [21] [22] [23] 75] . For example, manipulations of dopaminergic [46] and cholinergic [76] systems alter hippocampal place field stability. Given that place field stability is also influenced by spatial attention [45, 46] , this raises the possibility that attention influences place field stability via these neuromodulatory systems. There are several reasons to expect such a relationship, which we describe below, along with brief descriptions of the anatomy of the hippocampus and its neuromodulatory inputs.
Sensory information from the environment reaches the hippocampus via entorhinal cortex, which itself receives input from the perirhinal and parahippocampal cortices, among other regions [3] . The trisynaptic loop in the hippocampus consists of projections from entorhinal cortex to the dentate gyrus, from dentate gyrus to CA3, from CA3 to CA1, and from CA1 back to entorhinal cortex [3] . Additionally, entorhinal cortex projects directly to CA1. Neurons in CA3 are interconnected with one another, forming a recurrent network that is hypothesized to allow pattern completion -that is, the generation of a more complete representation of an event given only partial or degraded input as a cue [77, 78] .
The hippocampus receives cholinergic projections from the medial septum and vertical limb of the diagonal band of Broca [75] . Acetylcholine amplifies afferent signals into the hippocampus and suppresses excitatory recurrent connections in CA3 [75] . Such a Fig. 4 . The fidelity of hippocampal attentional states during encoding of novel information predicts goal-directed memory. (A) While undergoing high-resolution fMRI, individuals performed the "art gallery" task used in [50] and depicted in Fig. 3 . This part of the experiment (Phase 1) was used to extract activity patterns in the hippocampus related to attending to paintings and attending to room layouts -i.e., attentional state "templates" for each task. Participants then encoded a novel set of 3D-rendered rooms in Phase 2, attending to art in one block and room layouts in the other. Finally, in Phase 3, they were taken out of the scanner and tested on their memory for the goal-relevant aspect of images from Phase 2: paintings from the art encoding task and room layouts from the room encoding task. (B) To investigate how hippocampal attentional states related to memory formation, the activity pattern for each Phase 2 encoding trial was correlated with the task-relevant and task-irrelevant attentional state templates, defined from Phase 1. For example, the activity pattern for an art encoding trial would be correlated with the art state template (task-relevant) and the room state template (task-irrelevant). The difference between these pattern similarity correlations provided a measure of the extent to which the hippocampus was in the correct attentional state during encoding. (C) In CA2/CA3/DG (and in the hippocampus treated as a single region of interest), activity patterns more closely resembled the task-relevant vs. task-irrelevant attentional state during successful vs. unsuccessful encoding. *p < 0.05. Figure adapted from [56] . mechanism might be the means by which information from the environment is up-weighted, and memory retrieval (via pattern completion in CA3) is down-weighted. In other words, this would shift the balance of external/internal signals in the hippocampus to prioritize representations of relevant information in the outside world. How such modulation can enable flexible attentional switching between different aspects of the external environment remains to be explored.
Another way in which neurotransmitter systems can affect hippocampal attention is via novelty-or reward-related dopaminergic modulation. Information that is novel or associated with reward should attract attention, either for further exploration or so that rewards can be obtained. CA1 is ideally situated to signal novelty because of its connectivity [21] . Information about the environment can reach CA1 directly from entorhinal cortex. Concurrently, CA1 receives input from CA3, which uses signals from entorhinal cortex and its internal pattern completion mechanisms to generate predictions about the world, given the input's similarity to stored representations. CA1 can therefore compare inputs (from entorhinal cortex) to expectations (from CA3), and generate a novelty response when those signals diverge. Detection of novelty in CA1 indirectly activates dopamine neurons in the ventral tegmental area, which in turn send dopaminergic projections to CA1, enhancing long-term potentiation [21] . Such plasticity may lead to the creation or maintenance of hippocampal representations of the novel, attended information. Moreover, these representations are then subject to modulation by motivational, contextual, or goal signals from prefrontal cortex. Thus, mutual interactions between the ventral tegmental area, hippocampus, and prefrontal cortex might be a means by which novelty and motivation influence attention and goal-directed behavior (though dopamine from the locus coeruleus may also play an important role [20, 24] ).
Dynamic changes in functional connectivity -the influence of one brain region on another -may be another signature of attentional modulation [79] . For example, visual regions in ventral temporal cortex are more tightly coupled to perirhinal cortex when faces are attended, and more tightly coupled to parahippocampal cortex when scenes are attended [80] . Such switching of connectivity might be a general mechanism by which a given brain region can represent different types of information depending on its relevance for goal-directed behavior. One possibility, for example, is that the hippocampus is more functionally connected to parahippocampal cortex when spatial or contextual information is task-relevant, and more functionally connected to perirhinal cortex when item or object information is task-relevant [81] . Attention may also dynamically modulate hippocampal connectivity with prefrontal cortexeither directly or indirectly via the thalamus -to up-or downregulate the influence of particular goals or rules. Indeed, such a circuit -between prefrontal cortex, thalamus, and hippocampusis necessary for goal-directed behavior and planning [18] .
Finally, computations within the hippocampus itself can contribute to attentional effects. One such example, briefly discussed above, is pattern completion: the ability of the hippocampus to retrieve stored representations from degraded input [77, 78] . This computation has been studied extensively in the long-term memory literature as a mechanism for retrieval: the hippocampus can reinstate the full pattern of activity for a memory when cued with only part of the memory. However, such a mechanism can also allow attention to configure the hippocampus. For example, one may learn that a particular behavior is rewarded given a particular cue -e.g., turning left at the intersection by your workplace starts you on a route that eventually ends in coffee. Subsequent encounters with the cue may then retrieve an attentional set that facilitates performing the behavior and receiving the reward -e.g., arriving at the intersection may cue attention to the spatial environment so that you can navigate to the café. Given that the attentional state of the hippocampus modulates how memories are storedin some sense, the encoding state becomes part of the memoryretrieval may involve reinstating attentional state information. In other words, retrieval cues could direct behavior consistent with a goal state by reconfiguring the hippocampus to prioritize goalrelevant information [50, 56] .
Consistent with these hypotheses, hippocampal processing can guide attention and eye movements to goal-relevant objects or locations. For example, memory for a goal location in a scene can aid attentional allocation to that location when the scene is presented again, and such memory-guided attention is mediated by the hippocampus [57, 58] . Memory for associative or spatial information can also influence the way people move their eyes (and thus, their attention) to related objects and scenes, and this is also mediated by the hippocampus [82] [83] [84] . Thus, the same computations that allow the hippocampus to contribute to long-term memory may also support its role in attention-guided behavior.
Perception
A rich body of evidence suggests that the hippocampus contributes to high-level perceptual judgments, particularly perceptual discriminations of scene stimuli that have a high degree of feature overlap [13, 16, 28, 85] . We now consider which computations might enable the hippocampus to support perceptual decisions, including: encoding of relational representations, pattern separation, and match/mismatch detection.
A consistent finding in this literature is that the hippocampus is critical for perceptual discriminations based on the detection of relational differences in scenes, but it is not required when such judgments can be made on the basis of individual features or items ( Fig. 5 ; [2, 13, 28, 85, 86] ). Such relational representations are a hallmark of hippocampal mnemonic processing [31] and thus may also be leveraged to support online perceptual discriminations [13] .
These relational representations may also support perceptual decisions at different levels of granularity. Spatial and mnemonic representations in anterior hippocampus (homologous to ventral hippocampus in rodents) are coarser than representations in posterior hippocampus (dorsal in rodents), which are more fine-grained [87] . For example, in rodents, place fields in ventral hippocampus are larger than those in dorsal hippocampus, and likewise, the scale of mnemonic representation changes in a similar gradient from anterior to posterior hippocampus in humans [88, 89] . This is consistent with the finding that posterior/dorsal hippocampus is more important for fine-grained perceptual discriminations [90] . However, other results suggest that at a population level, fine-scaled information can emerge from individual cells with coarse coding [91] . Thus, the manner in which anterior vs. posterior hippocampus contribute to perceptual decisions at different scales remains to be elucidated.
Fine-scale discrimination is related to the ability of the hippocampus to form distinct representations for overlapping events -a process known as pattern separation [77, 78] . This ability enables us to minimize interference when storing highly similar memories, such as where we parked our bike today vs. yesterday. Pattern separation can also enable the detection of subtle differences between highly similar percepts, for example, when the windows in a building are manipulated to be closer together in one photograph than another [85, 92] . Detection of such minute differences would benefit from the ability of the hippocampus to assign distinct representations to the two photographs despite their extensive overlap -in essence, they become different "items" to the hippocampus.
Finally, another hippocampal computation that can support perceptual decisions is the ability of the hippocampus -and most prominently the CA1 subfield -to act as a comparator that aids in match/mismatch detection [21, 93] . As mentioned earlier, the CA3 subfield is proposed to generate expectations by using environmental cues to retrieve related memories via pattern completion. The CA1 subfield receives these memory-based predictions, and, simultaneously, information about the current state of the world from entorhinal cortex. It is thus ideally situated to compare reality to expectations, and produce a signal based on how well they match or mismatch. This comparator function of CA1 has been found during long-term memory retrieval [93] . It may also enable the hippocampus to perform fine-grained perceptual discriminations [13, 94] . Indeed the continuous match/mismatch signals produced by such a comparator converge with the continuous hippocampal signals observed during perceptual decision-making [85, 94] . Thus, this provides another example of how a general hippocampal computation can contribute to multiple cognitive domains.
Before concluding, it is important to stress that we are not the first to discuss core hippocampal computations of pattern separation, pattern completion, relational binding, and match/mismatch detection [13, 15, 16, 77, 78] . The novel contribution of this paper is to make the argument that these core computations, in conjunction with diverse inputs to the hippocampus and flexible weighting of those inputs, enable the hippocampus to contribute broadly to many cognitive functions. We also emphasize that communication with other brain regions and neuromodulatory influences play an important role (Section 4).
Although the focus of the current paper is the hippocampus, it is important to note that the mechanisms discussed above in the case studies of attention and perception are not unique to the hippocampus: Pattern separation, pattern completion, match/mismatch detection, and configural/relational representations also exist outside the hippocampus [95] [96] [97] . Moreover, mixed selectivity, diversity of input, and flexible weighting of input are not unique to the hippocampus -such properties are found in prefrontal cortex as well [10, 11, 98, 99] . We believe that these properties of the prefrontal cortex and hippocampus make them ideal for flexibly guiding online behavior using past experience or current attentional goals -and, importantly, these regions often work together to support these kinds of complex behaviors [19, 51] . Thus, the hippocampus is not the only region in the brain that is malleable, or that contributes to many cognitive functions. Rather, there is a hierarchy of malleability, and regions like the hippocampus and prefrontal cortex are at the top. Thus, our framework -that core computations operating on flexible and diverse inputs guide myriad cognitive functions -is not limited to the hippocampus, although we demonstrate the value of such a framework by using the hippocampus as a model system. One question that arises, then, is: how and why is the hippocampus special? One possibility is that the hippocampus may be particularly good at rapid, one-shot learning [100] . That is, it may be able to form relational representations faster than other brain regions, and quickly modulate those representations when goals change [51] . Other brain regions may therefore depend on hippocampal representations when new learning must occur quickly. ) and reported their confidence that the two scenes were the same or different using a 1-6 scale. (B) Analysis of receiver-operating characteristics (ROCs) of patients with medial temporal lobe damage and healthy controls indicated that patients were selectively impaired on assessing the overall relational match of scenes ("strength-based perception", measured by the curvature of the ROC) and were spared on perceptual judgments related to identifying specific feature-level differences ("state-based perception", measured by the upper x-intercept of ROC). Patients with selective hippocampal damage are depicted with filled shapes in the bar plot; patients with more extensive MTL lesions are depicted with open shapes. The same results hold if only selective hippocampal lesion patients are considered. (C) fMRI in healthy adults showed greater hippocampal activity on trials with different vs. same scene pairs, and hippocampal activity continuously scaled with the strength of strength-based perceptual judgments. *p < 0.05, **p < 0.01. Figure  adapted from [85] .
Under this view, the hippocampus is not qualitatively different from other high-order brain regions in terms of its malleability, but the difference arises in the rate of learning.
Conclusion
We propose that a core set of hippocampal computations may be deployed in different combinations, concurrently with flexible weighting of diverse inputs, to support various functions. Thus, the hippocampus is a malleable, configurable system, capable of prioritizing different types of information in support of behavioral goals.
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